ABSTRACT. Adaptive variation in the melanocortin 1-receptor gene (MC1R), a key locus in melanogenesis, has been identified in some species of rodents. However, in others, MC1R has no causative role in pigmentation phenotypes despite their coat color variation. In this study, we characterized the rates and patterns of MC1R nucleotide and amino acid sequence evolution and, particularly, selective pressures in the separated domains of the protein using a comparative analysis of 43 species representing three major lineages of rodents with variable coat colors. We found high amino acid variation (44% of sites) throughout the protein. Most substitutions were observed in extracellular and transmembrane domains; the intracellular segment was conserved across species. Pairwise non-synonymous substitutions did not vary significantly in different domains among the rodent lineages -i.e., variation was not associated with phylogenetic distance. Phylogenybased likelihood analysis suggested that purifying selection has mostly shaped the evolutionary course of MC1R. However, a high proportion of sites (27%) were under relaxation of functional constraints (ω = 0.38), and four sites (3, 14, 26, and 251) clearly evolved under positive selection (ω ≅ 2.9). Thus, our data indicate a high proportion of sites evolving under relaxed evolutionary constraints, which might indicate the evolvability of the system in the generation of adaptive changes in specific taxa in rodent lineages.
INTRODUCTION
Coat color variation in small mammals is evidence of phenotypic adaptation in response to selection in different environments. Several examples of intraspecific color variability have been identified in rodents, including the deer field mouse (Peromyscus maniculatus), old-field mouse (Peromyscus polionotus), rock pocket mouse (Chaetodipus intermedius), mole rat (Spalax ehrenbergi), Botta's pocket gopher (Thomomys bottae), Rio Negro tuco-tuco (Ctenomys rionegrensis), and collared tuco-tuco (Ctenomys torquatus) (Gonçalves and Freitas, 2009) .
Genes underlying such variation have been investigated in these species (Nachman et al., 2003; Wlasiuk and Nachman, 2007; Gonçalves et al., 2012) , as well as in others with conspicuous melanic phenotypes in addition to the most common phenotype [e.g., the gray squirrel (Sciurus carolinensis)] (McRobie et al., 2009 ). The main candidate locus targeted was melanocortin 1-receptor (MC1R), a member of the G protein-coupled superfamily that acts as a pigment switch in the production of melanin. When activated by α-melanocyte-stimulating hormone, it signals the production of eumelanin (black/brown pigment) via cyclic adenosine monophosphate; in the absence or inhibition of stimulation, pheomelanin (red/yellow pigment) is synthesized (Jackson et al., 1994) . In mice, dominant mutations that disable the binding of α-melanocyte-stimulating hormone lead to constitutive activity (constant signaling of eumelanin synthesis) and predominantly black coat color (Jackson, 1997) . Both types of phenotypic change have been linked to missense mutations in the MC1R of domestic and wild mammals (Hoekstra, 2006) .
Previous studies in natural populations of rodents have suggested that MC1R may be a target of positive selection. According to Nachman et al. (2003) and Hoekstra et al. (2006) , it underlies adaptive melanism in rock pocket mice and adaptive light coat color in beach mice, respectively. Moreover, McRobie et al. (2009) have observed that the melanic form of gray squirrel is the result of a 15-bp deletion that constitutively activates the receptor. By contrast, species with pigmentation phenotype variation, such as tuco-tucos and Botta's pocket gopher, display no changes in MC1R sequences that can be directly linked to the observed differences (Wlasiuk and Nachman, 2007; Gonçalves et al., 2012) .
Some studies in rodents have provided evidence of positive selection, particularly in genes involved in immune response (e.g., Toll-like and β-2-microglobulin) and the reproductive system (e.g., Zp-3, Sry, and Tcp-1) (Jansa et al., 2003; Tschirren et al., 2012) . In addition, loci related to pigmentation pathways, such as MC1R, are also potential candidates to find signatures of positive selection based on rates of synonymous substitution (silent; d S ) and non-synonymous substitution (amino acid replacement; d N ). These estimates are critical to understand the dynamics of molecular sequence evolution (Kimura, 1983) . Because synonymous mutations are considered invisible to natural selection, whereas non-synonymous mutations may be under strong selective pressure, comparison of the rates of fixation provides a powerful tool for understanding the mechanisms of DNA sequence evolution. For example, variable d N /d S rate ratios among lineages may indicate adaptive evolution or relaxed selective constraints along certain lineages G.L. Gonçalves et al. (Crandall and Hillis, 1997) . Similarly, models of variable d N /d S rate ratios among sites may provide important insights into functional constraints at various amino acid sites and may be used to detect sites under positive selection (Nielsen and Yang, 1998) .
Thus, in this study we investigated patterns of molecular evolution in MC1R sequences from rodents given that this gene is often implicated in adaptation in some species but not in others. Consequently, we asked whether it represents a lineage-specific pattern or a particular trait in some taxa. We performed a comparative analysis of MC1R evolution rates and patterns in the entire gene and in separate domains (extracellular, transmembrane, and intracellular) to characterize selective pressures, searching in particular for positively selected sites or relaxation in functional constraints in rodents.
MATERIAL AND METHODS

Species surveyed and MC1R variation
Nucleotide and amino acid sequences of the coding region of MC1R from 43 species of rodents representing 6 families (Muridae, Cricetidae, Heteromyidae, Geomyidae, Sciuridae, and Ctenomyidae) were obtained from GenBank. These families included the three major currently recognized lineages: 1) "mouse-related clade" (Muridae + Cricetidae + Heteromyidae + Geomyidae), 2) "squirrel-related clade" (Sciuridae), and 3) Ctenohystrica (Ctenomyidae) ( Table 1 and Figure 1 ) (Blanga-Kanfi et al., 2009 ). In addition, MC1R sequences of primates [Lemur (AY205143), Pan (AY205086), and Gorilla (AY205088)], and lagomorphs [Lepus (HQ005375) and Oryctolagus (AM180880)] were incorporated to compare rates and patterns of substitution in relation to sister lineages.
Sequences of the MC1R coding region were aligned using Codon Code Aligner (Codon Code Corp.). All insertion/deletions (indels) and substitutions were examined by eye. Phylogenetic reconstruction based on nucleotide sequences of 43 species of rodents rooted with a lagomorph was implemented in MRBAYES 3.2 (Huelsenbeck et al., 2001 ) using all codon positions. The topology and branch lengths were estimated using a Bayesian approach with a TN93+G model of nucleotide evolution (defined by the Akaike information criteria implemented in MRMODELTEST 2) (Nylander et al., 2004) , with parameters estimated from the data set. The numbers of d S and d N among lineages were estimated for 15 segments of MC1R [4 extracellular domains (EDs), 7 transmembrane (TM) domains, and 4 intracellular domains (IDs); Figure 2A ] and the entire gene using the Nei and Gojobori (1986) method in the CODEML program of the PAML 4.4 package (Yang, 2007) . Additionally, divergence at the amino acid level was estimated among clades using p-distance with the Molecular Evolutionary Genetics Analysis 5 software (Tamura et al., 2011) .
Three classes of comparison were used to estimate distance and standard deviation with 1000 bootstrap replications: 1) mouse-related clade vs squirrel-related clade, 2) mouserelated clade vs Ctenohystrica, and 3) squirrel-related clade vs Ctenohystrica, representing different levels of phylogenetic relationships in rodents. In addition, average pairwise d N rates were characterized in the 3 lineages of rodents for all 15 domains of MC1R and the entire gene. Comparisons of the 6 families were performed to characterize differences among lineages during the evolutionary history of rodents. Additionally, pairwise comparisons of d N were made between rodents and lagomorphs and primates and lagomorphs to investigate patterns of acceleration in the substitution rate in relation to rodent sister clades. Table 1 . Species of rodents used in this study.
Tests of selection
Patterns of selection and rates of evolutionary change in MC1R were evaluated with Yang and Bielawski (2000) tests. The established structure and inferred function of the MC1R protein (Chhajlani et al., 1996) allowed us to make a priori predictions about the domains expected to evolve under the relaxation of selective constraints and therefore to discuss the results from a functional perspective. We used the phylogeny-based maximum likelihood analysis of ω (d N /d S ratio) as implemented in the CODEML program of the PAML package to test statistically for positive selection or relaxation of functional constraints acting on MC1R codons. Log-likelihood values were generated for models in which ω was allowed to vary among sites within the interval 0-1 [neutral models (M0 and M1a) and a discrete model (M3)] and for models that allowed ω > 1 for some sites [selection models (M2a and M8)] following . First, we tested whether ω differs among sites by comparing model M0, which assumes a constant ω across all sites, to model M3, which allows ω to vary among sites. To test formally for the presence of sites evolving under positive selection, we then compared a nearly neutral model of ω variation (M1a) to a model that allows for positive selection (M2a). Subsequently, we also compared a neutral model, M7, which estimates ω with a beta distribution over the interval 0-1, to a selection model, M8, which additionally allows for positively selected sites (ω > 1) . We compared the models using the likelihood ratio test (LRT) in the HYPHY 1 program (Pond et al., 2005) . Twice the log-likelihood difference (2ΔLnL) between models follows a chi-square distribution, with the degrees of freedom equal to the difference in the number of parameters between the models. All models were run multiple times with different starting values for ω to ensure correct estimation of the model parameters. The unrooted tree input file for these analyses was generated using the maximum likelihood method implemented in PAUP (Swofford, 2003) with the data set of 43 rodent species. We used empirical Bayes approaches implemented in CODEML to infer which sites of the MC1R sequence may have evolved under positive selection. Two approaches were used to determine sites under selection: the naive-empirical Bayes and the Bayes-empirical Bayes methods. Positive selection was inferred if the posterior probability of ω > 1 for a site was higher than 0.95. Codon usage bias is well known to affect estimation of d S and d N rates. Thus, we applied model F61, which uses empirical estimates of individual codon frequencies.
Finally, we tested the heterogeneity of evolutionary rates among lineages by applying the clade models using CODEML in PAML. Branches on the phylogeny were divided a priori into two clades (branch type 0 as the squirrel-related clade, and branch type 1 as the mouserelated clade + Ctenohystrica), and an LRT was used to evaluate divergences in selective pressures between them indicated by ω ratios. We applied clade model type C, which assumes three site classes, and compared it with M1a using an LRT with two degrees of freedom. This model is used primarily to detect positive selection, but our goal was also to evaluate acceleration during the evolutionary history through direct inferences based on d N /d S ratio differences.
RESULTS
MC1R: evolutionary patterns in rodents
Amino acid variation across rodents was abundant throughout the MC1R gene ( Figure  2B and Table 2 ). However, in general, several completely conserved segments were observed, but usually in short continuous residues (i.e., <10 amino acids). These segments included 178 (56%) sites that were identical across rodents and mostly concentrated in ID1 and ID2 (see Figure 2B and Table 2 ). Most of the variation (127 codons) was observed in ED1 and ED2 and in ID3 and TM4 (see Figure 2A and Table 2 ). ED1 was particularly variable, including multiple amino acid replacements and 5 indel events: a 3-amino acid deletion in Mus spp and squirrel, 2-and 1-amino acid insertions in tuco-tucos, and a 7-amino acid deletion in pocket gopher (see Figure 2B ). The polarity of these indels was inferred based on the rodent phylogeny proposed by Blanga-Kanfi et al. (2009) (see Figure 1) . When the 15 domains of the protein were divided into three categories (ED, ID, and TM), measures of variation among rodents were higher in the ED than in the TM or ID, particularly in ED1 and ED3 (see Table  2 ). Heterogeneity in divergence estimates was observed within the ID and TM categories, with the lowest values in the three classes of comparisons obtained for ID1, ID4, and TM6. Divergences estimated with p-distance were saturated at the various levels of phylogenetic relationships compared (squirrel-related clade vs mouse-related clade; squirrel-related clade vs Ctenohystrica; mouse-related clade vs Ctenohystrica), except TM3 and TM5 (see Table 2 ).
Variation in the rates and patterns of nucleotide substitution was observed among the three lineages of rodents. The phylogeny reconstructed based on MC1R sequences revealed accelerated substitution rates in one lineage of the mouse-related clade (Cricetidae + Muridae) that was not recovered as monophyletic, as verified by the longer branch length (Figure 3) . Additionally, a species-specific variation was also observed in Ctenohystrica, indicated by the outer position of Ctenomys leucodon (see Figure 3) .
MC1R rates of substitution: acceleration in rodents
Pairwise d N versus d S calculated among rodent families for the whole gene showed an accelerated rate in all comparisons, but a phylogenetic pattern was not evident -i.e., all lineages showed a similar d N /d S ratio (Figure 4) . We observed differences in d N /d S within rodents for specific domains, in which Ctenohystrica seemed to display an increased rate compared to that of the mouse-and squirrel-related clades, as observed in the ED1 and ID2 segments (Figure 5A ). Significant acceleration in the mouse lineage was observed in the ED4, ID1, TM1, and TM4. The squirrel-related clade showed acceleration only in the ID4.
Overall, pairwise d N differences varied significantly among comparisons of rodents and primates, particularly in five domains: ED1, ED2, ID3, ID4, and TM2 ( Figure 5B ). In some domains, the pattern was reversed, and acceleration was observed in primates instead of rodents, mainly in ID4 and TM3 and partially in TM1 (see Figure 5B) . 
Positive selection in MC1R
Phylogeny-based maximum likelihood approaches provided evidence that positive selection and relaxation in functional constraints acted on the codons of MC1R during the evolutionary history of rodents ( Figure 6 ). We detected significant ω heterogeneity across the entire MC1R sequence. A comparison of neutral models M0, M1a, and M7 with variation models M2a, M3, and M8 revealed that M3 and M8 performed significantly better than M0 and M7 (Table 3 ). M3 and M8 suggested that a small proportion of sites (1%) are under positive selection (ω ≅ 2.9). Four codons (3 M, 14 K, 26 H, and 251 T) have likely evolved under posi- p 0 = proportion of sites where ω < 1; p 1 = proportion of sites where ω = 1; p 2 = proportion of sites where ω > 1 (selection models only). For models M7 and M8, p and q represent parameters of the beta distribution. PAML site models and positively selected sites were identified by empirical Bayes approaches. Positive selection was inferred if the posterior probability of ω > 1 for a site was 0.95 or higher (bold). Sites with a posterior probability of ω > 1 between 0.50 and 0.949 are also shown (italic). Amino acids correspond to the Mus musculus sequence. *Degrees of freedom: M0-M3 = 4; M1-M2 = 2; M7-M8 = 2; LRT: 2∆l = 2(l 1 -l 0 ). tive selection, 2 (26 H, 251 T) with a posterior probability of >0.95 (see Table 3 and Figure 6 ). Interestingly, the positively selected sites identified by the empirical Bayes criterion are located in both the ED and TM. Selection models did not perform significantly better than the discrete model M3 when analyzing domains separately for most segments except for TM4 and TM6 (see Table 3 ). In particular, ID4 was the only segment in which we observed no differences in ω across all samples in which the neutral model M0 was most likely.
All other segments showed differences in d N /d S ratio, and some also showed relaxation in a small percentage of sites (Table 4 ). The clade model C used to infer differences in d N /d S ratio among rodent lineages was not significantly better (P = 1) than the neutral model M1a. In addition, no significant variation was detected between branch types 0 and 1 among the three site classes (Table 5) .
DISCUSSION
Patterns and rates of MC1R variation
The alignment of MC1R across rodent species indicated the occurrence of several short conserved motifs intercalated with variable segments. In total, 178 amino acids were completely conserved among lineages, particularly in the IDs, showing that these sites are likely the ones under the strongest functional constraints. Therefore, variants at these positions can be expected to have more significant effects on MC1R activity than those identified in other domains of the gene. The IDs provide the binding interfaces for heterotrimeric G proteins and contain phosphorylation targets involved in the regulation of signaling, internalization, and cycling (Strader et al., 1994) . In mice, the natural tobacco mutation S69L, located within ID1, leads to MC1R hyperactivity (Robbins et al., 1993) , suggesting that this segment is important for normal receptor activity (Garcia-Borrón et al., 2005) . Heterogeneity in evolutionary rates was evident among the lineages of rodents and MC1R domains. Taxon-specific acceleration of the amino acid substitution rate was observed in ED4 and TM7, suggesting that the mouse-related clade has evolved faster than the squirrelrelated and Ctenohystrica clades have at these MC1R segments. At the nucleotide level, we observed differences in rates across lineages of rodents, but most of them were not significant, as within-lineage variation was evident in several comparisons. We suggest that this high variability might have masked the expected increased differences associated with phylogenetic depth, probably indicating that some lineages have a species-specific pattern. In particular, a contrasting pattern was identified in the mouse-related clade vs the squirrel-related clade and in the mouse-related clade vs Ctenohystrica for the TM4 domain, in which higher rates in the deepest comparisons were observed in the first group. These observations, interpreted in the context of the overall pattern of MC1R variation, might indicate potential lineage-specific changes in functional constraints or episodic adaptive evolution in this gene.
A faster rate of replacement substitution in half of the MC1R domains was observed in rodents relative to comparisons that included primates. Particular segments, including ED1, ED2, ID3, ID4, and TM2, showed a significant difference between these groups. Interestingly, other segments, such as ED4 and TM3, showed the reverse pattern, in which evidence of acceleration in primates was observed. Therefore, in view of this variation, a conspicuous pattern of increased substitution rate in rodents could not be ruled out for MC1R.
MC1R substitution rate scenario
Among the 3 rodent clades, the Cricetidae + Muridae lineage within the mouse-related clade seems to have an increased substitution rate, primarily evidenced by longer branch lengths in the phylogenetic tree and higher values of pairwise d N . In contrast, a potential lineage-specific acceleration could be ruled out in the case of Ctenohystrica, in which one taxon (C. leucodon) showed significant variation in relation to other Ctenomys species.
Substitution rates can be systematically affected by certain species characteristics, including aspects of evolutionary history, such as population size (Smith and Donoghue, 2008) , and life history traits, such as body size (Welch et al., 2008) . One recurrent factor for the higher rate of substitution in the rodent lineage is the generation-time effect -i.e., the higher rate occurs because rodents have a comparatively shorter generation time. However, this argument fails to explain the similarity of the MC1R substitution rate in rodents, as the generation time is relatively short in all taxa in this order. In this case, the variation might indicate fine-scale differences in species correlated with individual life history traits (Bromham, 2009) .
Overall, several amino acid changes in MC1R are associated with coat-color polymorphism in mammals. This relationship indicates that the gene has a conspicuous phenotypic effect, which in some lineages might be subject to strong selective pressure, particularly in rodents. This group exhibits marked color polymorphisms, and its members are often predated by visually oriented birds of prey such that maintenance of crypsis is likely under strong ecological pressure. Thus, selection on this morphological trait might also be underlying the high substitution rate of non-synonymous change in MC1R for some taxa-specific lineages.
Selection on MC1R
Molecular evolution analyses have indicated that purifying selection has acted during the majority of MC1R evolutionary history in some groups of mammals, such as cetartiodactyls, mustelids, and primates (Mundy and Kelly, 2003; Hosoda et al., 2005; Ayoub et al., 2009; Shimada et al., 2009 ). However, our survey of rodents indicated a higher rate of sites that have evolved under the relaxation of functional constraints as well as two sites with evidence of positive selection signatures. Sites with a ω value of approximately 0.38, which indicates relaxation of functional constraints, are located in the ED and TM. The positively selected sites (26 and 251) are also located in both the ED and the TM.
MC1R is unusually polymorphic, and many of the natural variants are functionally relevant (Wong and Rees, 2005) . EDs are generally small, particularly ED3, which shows high constitutive activity. Mutation of residues Glu269 and Thr272 to Ala in ED4 of human MC1R reportedly lowers the binding affinity for agonists, suggesting that these residues are involved in ligand recognition (Chhajlani et al., 1996) . Moreover, in TMs, the ligand-binding site is a pocket located below the plasma membrane-extracellular medium interface, formed through the contributions of several fragments (Garcia-Borrón et al., 2005) . Three-dimensional models of ligand-receptor complexes have been developed (Haskell-Luevano et al., 1996) that suggest that a highly charged region containing Glu94 (TM2), interacts with an Arg residue. A network of aromatic residues located near the extracellular side of TM4, TM5, and TM6 also potentially contributes to agonist binding by interacting with aromatic residues. Interestingly, 11 mutations described in vertebrates are located in TM2 of MC1R, and several of them have important functional consequences, particularly involvement in pelage and feather melanism (Hoekstra, 2006) .
Our results indicated a high proportion of sites with ω values of 0.38 for TM2, suggesting relaxation of constraints for this segment probably due to a functional implication. In addition, TM4 and TM6 are likely to have evolved under selection rather than neutral or discrete models, evidenced by significantly higher likelihood values.
In particular, one positively selected site (251) observed in MC1R with high Bayesempirical Bayes posterior probability is located in TM6. The other (26) is located in ED1, formally characterized as the N-terminal domain. Although we have no evidence of functional effects of amino acid changes in these sites from our data or from that of previous studies, the results of positive selection indicate that they might have morphological significance. Alternatively, these sites could be involved in other physiological effects of MC1R variants, such as a kappa-opioid receptor that mediates analgesia in mice and humans (Mogil et al., 2003) .
In summary, our results indicate that purifying selection is not the only evolutionary force that has shaped MC1R in rodents, because a significant number of codons have evolved under relaxation of functional constraints, and a few have been positively selected. Although our estimates indicated only a small proportion of sites at which ω is greater than 1, the possibility remains that positive directional selection is the driving force behind the increase in ω estimates. Finding amino acid replacements in an excess of d N , globally or in specific regions, provides unequivocal evidence of positive selection at the molecular level. Nevertheless, this criterion may be excessively stringent, and we suggest that statistically significant increments in ω might indicate positive selection.
Several examples of single-nucleotide polymorphisms having pronounced evolutionary consequences can be cited -e.g., in genes involved in pathogen virulence (Brault et al., 2007) or pigmentation (Nachman et al., 2003; Manceau et al., 2010) . Because the positively selected sites in the MC1R identified in this study are located in critical regions of ligand binding of the protein, functional changes in these regions might have direct consequences for some phenotypes. Consequently, the selection and relaxation of functional constraint that we have observed may indicate the evolvability of the system for the generation of adaptive changes in specific taxa in the rodent lineage.
